A two-dimensional Large Eddy Simulation (LES) is conducted for triangular rod ahead of a square cylinder at Reynolds Number, Re = 90,000. Vortex shedding is captured when two objects are kept at varying distance with different sizes of the upstream rod, the case under consideration are decided on the basis of the mode of flow (the cavity flow mode and the wake impingement mode) for d/D = 0.2 and 0.6 with L/D lying in various modes of flow. It is observed that the vortex shedding in cavity flow mode is much affected by the upstream rod such that the vortex shedding sometimes in very slightly affected by the shedding from the rear cylinder; whereas in wake impingement mode, the shedding is affected by both the objects. Hence, a superimposition of both the fluctuations is found behind the cylinder.
Introduction
The Flow past bluff bodies remain an area of concern for decades vastly due to the irregular behavior of turbulent vortex shedding behind the bodies, which is manifestation of the turbulence superimposed over periodic vortex shedding. A number of computational fluid dynamics (CFD) simulations carried out for flow over bluff bodies using various turbulence models. Various methods of flow control have been applied to reduce drag over bluff bodies in past and one of them includes the use of control rods in front of the body to reduce drag. Igarashi, 1997 used this method to reduce the drag of the square prism. With a small upstream rod, the drag of the square rod was reduced at Re = 32,000. Zhang et al., 2006 conducted CFD analysis on circular cylinder in tandem arrangement where vortex shedding behind both the cylinders and their effect on each other were studied with variation in L/D and d/D. Vortex shedding characteristics are found to be highly dependent on these geometrical parameters. Moreover, the study distinguishes the behavior of vortex shedding in case of cavity flow mode (for lesser L/D) and wake impingement mode (for larger L/D).
Most of the previous studies on vortex shedding have been restricted to low Re as the vortex shedding in turbulent flow becomes highly complicated due to superimposition of turbulence over the periodic shedding. Ferziger, 1990 and Rodi, 1991 showed that the Reynolds Averaged Navier-Stokes (RANS) based CFD code, which uses statistical turbulence models to predict turbulence does not readily capture both periodic shedding and turbulence accurately. The frequency ranges for turbulence together with periodic shedding is large and Direct Numerical Simulation (DNS) is the best way to predict the flow characteristics. However, huge computational cost and time is involved with DNS, which often restricts its use in these cases. Hence, a midway approach called the Large Eddy Simulation (LES) is adopted for this purpose that uses near-wall turbulence models and simulates rest of the flow. LES with extreme fine resolution near the solid boundary (wall) could fetch results as good as a DNS method. The purpose of fine resolution is to avoid leaving the utmost important nearwall region to statistical models or to the so-called 'law of wall'. Hence, the LES model with fine near-wall resolution has a potential to provide accurate computational results. LES model is generally used to predict three-dimensional turbulence. However, Bouris and Bergeles (1999) showed that the quasi two-dimensional turbulence behind the square cylinder is much more accurately resolved with two-dimensional LES as compared to the three-dimensional LES. This does not necessarily imply that the three-dimensionality of turbulence is under question, but rather the present study and the objective are well fetched using two-dimensional LES.
Previous studies on vortex shedding from cylinders in tandem arrangement mainly discussed the effect of vibrations and fluctuations on one another, which are mostly done with similar shaped (i.e. circular-circular or square-square) objects arranged in tandem or staggered formation. But the open literature lacks the in-depth study of vortex shedding with dissimilar objects in tandem arrangement. The present study is therefore, attempted to observe the nature of fluctuation when a triangular shaped object (called upstream rod) lies ahead of a square cylinder in flow stream.
Computational Methodology
The present study has been conducted at Re = 90,000, which is calculated based on a freestream velocity of 15 m/s and hydraulic diameter of square cylinder (D= 10 cm) as its characteristic width. A triangular rod is placed ahead of the square cylinder. The computation is conducted on finite-volume technique based commercially available CFD code Fluent 6.3 using two-dimensional LES, which tracks the larger eddies and involves space filtering of unsteady Navier-Stokes equation. These unsteady filtered equations are solved using sub-grid scale models. Figure 2 shows the grid used for the analysis with a triangular cylinder ahead of a square cylinder.
Geometry and Computational Domain

A Rectangular box of dimension 180×90cm
2 is used as computational domain. A triangular cylinder of varying size ahead of a square cylinder of 10×10 cm 2 cross section is taken. Triangular cylinder is placed 20 cm downstream of the inlet. For properly capturing the wake region of the cylinder the domain has been extended behind the cylinder nearly up to 10 times of the cylinder dimensions as shown in Fig. 1 , D is the side of the square cylinder. The distance between the cylinder and the upstream rod is denoted as L, whereas, the hydraulic diameter of the triangular upstream rod is taken as d. 
Grid Generation
Commercial Software Gambit 2.4 is used for grid generation of the problem. In order to obtain a major part of the computational domain as a structured mesh, quad sub-map and tri primitive meshing is used. Number of cells generated are about 1,20,000. The grid independency test is an important part in CFD but is not included here since LES model is highly dependent on the amount of fineness of the grid, keeping first grid points at y + =1 the accuracy is kept highest, hence more fine grid would have resulted in larger computational cost with almost similar accuracy. 
Governing equations
The governing equations for the present problem are the two-dimensional continuity, momentum equations for steady-state flow, and can be written as follows:
Continuity equation:
Momentum equation:
The LES uses space filtering of Navier-Stokes (momentum equation) equation which is defined as to decompose the velocity into the sum of filtered (resolved) component and a residual that arises due to the unresolved sub-grid scales, the closure is obtained by modelling the residual stress tensor by a simple eddy viscosity model.
Boundary Conditions
The boundary conditions include the no-slip wall conditions on the edges of both the cylinders and an inlet velocity of 15 m/s from the left face of the domain and zero gauge pressure at exit.
Solution Methodology
The segregated and implicit solver is selected for discretization of governing equations. The SIMPLE algorithm (Patankar, 1980) is used for the pressure-velocity coupling. PRESTO (Pressure staggering option) is selected for discretizing pressure, whereas, bounded central differencing numerical scheme is chosen for discretizing momentum equations. Convergence criterion for continuity and velocity is taken as 10 −4 . The computational work has been performed on an IBM workstation with 8 GB RAM and Intel Xeon processor. A typical run time for the CFD simulation was approximately 12 hours.
Computational Analysis
The various cases under consideration were decided on the basis of the study of drag for various L/D and d/D as well as the past research which points out to the dependence of vortex characteristics over the spacing between cylinders. Two hydraulic diameters for the triangular rod were considered namely d/D= 0.2 and 0.6, and the spacing considered were according to the region in which the spacing lies i.e. either wake impingement mode or in cavity flow mode, so as to capture and study the interaction between the pair of standing vortices from rod and their interaction with the vortices from the cylinder.
Due to the high computational cost required for Large Eddy Simulations (LES), the number of cases are to be as minimum as possible but enough to provide an understanding of the flow characteristics , Zhang et al. (2006) The observation in Zhang et al. (2006) has been used in the present study to minimize the number of cases. Hence for d/D=0.2, the flow in wake impingement mode is taken under consideration. Once a behavior was observed in wake impingement mode at L/D>2.7 (critical spacing ratio =2.7), the next objective is to analyze the behavior in the cavity flow mode which is fulfilled by placing the rod with d/D=0.6 at lesser than critical length. Overall, four cases have been considered with d/D=0.2, where L/D was kept at 4.5 (wake impingement mode) and at 2.7 (critical length) and with d/D=0.6 where L/D was kept at 1.5 and at 2.7 (both cavity flow mode).
Results and Discussion
The graphs for lift coefficient (C L ) versus time is shown in Fig. 3 . The triangular rod with d/D=0.6 and L/D =2.7 lies near the critical length, the fluctuations of the rod and the cylinder are well in correlation in case of critical length. The vortex shedding in the two modes varies a lot, the amplitude spectrum versus. Frequency (FFT) shows that there are single frequency fluctuations for rod and cylinder in CFM such that the pair of standing vortex from rod is temporally synchronized with cylinder vortices. Whereas in wake impingement mode the pair of standing vortex are not synchronized leading to two frequency one from the rod and other the consequence of superimposition of cylinder fluctuation by the rod vortices.
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In CFM, the graph shown in Figs. 4-5 shows that both the objects have one vibrational frequency which is adjusted such that the Strouhal numbers (St) are equal as in table.1, this shows that the vortex shedding from the rod are synchronized with the cylinder periodic shedding the contour in Fig. 10 shows that the when the rod is placed close to the cylinder the vortex shedding from the rod is not disturbed by the cylinder but instead a similar shedding is behind the cylinder itself that creates a symmetric shedding where the field is nor as distorted as in Fig. 9 , whereas, in case of WIM, Fig. 9 shows that the shedding from the rod is not synchronized with the shedding from the cylinder. Hence it creates a distorted field behind the cylinder owing to the unsynchronized superimposition of the two periodic fluctuations (one from the rod and other from the cylinder). The fluctuations in Fig. 10 are highly synchronized since the cylinder-rod arrangement lies in the CFM. But in Fig. 8 , the arrangement lies at the critical length where the two modes (CFM and WIM) meet and hence, the shedding behind the cylinder seems to be little synchronized. The distortion is however noticed in Fig. 8 in the flow downstream. In Fig. 9 , the fluctuations from the rod are superimposed over the cylinder fluctuation in such a way that they tend to distort the flow field further, and the wake pattern is no longer synchronized.
The values of average drag coefficient (C D ) are tabulated in table 2. As the d/D increases, obstruction of square cylinder increases, hence there is a steady drop in drag coefficient. However, there is no straight relationship between the drag reduction and the L/D. Literature (Zhang et al., 2006) shows that drag reduction is possible with the increase of L/D up to a certain extent (L/D = 2.7 called 'critical length'), which is the transition between the CFM and WIM, beyond which the further increase of L/D causes an increase in C D . 
Conclusions
The computational study conducted could be summarized in the following conclusions.
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